Abstract Atmospheric dicarboxylic acids (DCA) are a ubiquitous water-soluble component of secondary organic aerosols (SOA), which can act as cloud condensation nuclei (CCN), affecting the Earth's climate. Despite the high abundances of oxalic acid and related compounds in the marine aerosols, there is no consensus on what controls their distributions over the open ocean. Marine biological productivity could play a role in the production of DCA, but there is no substantial evidence to support this hypothesis. Here we present latitudinal distributions of DCA, oxoacids and α-dicarbonyls in the marine aerosols from the remote Pacific. Their concentrations were found several times higher in more biologically influenced aerosols (MBA) than less biologically influenced aerosols. We propose isoprene and unsaturated fatty acids as sources of DCA as inferred from significantly higher abundances of isoprene-SOA tracers and azelaic acid in MBA. These results have implications toward the reassessment of climate forcing feedbacks of marine-derived SOA.
Introduction
Oceans can significantly contribute to global aerosol burden and thus have been considered to influence the Earth's albedo and climate [Meskhidze and Nenes, 2006; O'Dowd et al., 1997 O'Dowd et al., , 2004 . However, knowledge of chemical composition of marine aerosols that originated from primary emissions (e.g., sea salt or organic matter) and/or secondary formation is still limited [Gantt and Meskhidze, 2013; Langmann et al., 2008; O'Dowd and de Leeuw, 2007] . More recent studies have focused on the formation of secondary organic aerosols (SOAs), which are essentially produced by the oxidation of biogenic volatile organic compounds (BVOCs) and subsequent gas-to-particle conversion [Facchini et al., 2008a; Myriokefalitakis et al., 2010; Rinaldi et al., 2010] . Several studies have shown that SOAs are mostly composed of water-soluble organic species; therefore, SOAs are characterized by high abundance of water-soluble organic carbon (WSOC) [Claeys et al., 2004a; Kondo et al., 2007; Miyazaki et al., 2010 Miyazaki et al., , 2011 Mochida et al., 2011] . Myriokefalitakis et al. [2011] reported in-cloud oxalate formation in the global troposphere using 3-D model and discussed abundant oxalic acid over the open ocean.
Dicarboxylic acids (DCA) and related compounds with the predominance of oxalic acid are major components of atmospheric organic aerosols and thus significantly contribute to total aerosol carbon (up to 15%) over the oceanic regions [Kawamura and Sakaguchi, 1999] . Over the continent, their primary (fossil-fuel combustion and biomass burning emissions) and secondary sources (photochemical production and transformation of anthropogenic and biogenic VOCs) are well characterized and supported by extensive observations [Agarwal et al., 2010; Kawamura et al., 1996; Kawamura and Yasui, 2005; Mkoma et al., 2013] . It has also been suggested that their distribution in the remote marine environment is primarily driven by either long-range transport of pollutants [Fu et al., 2013a; Kawamura and Sakaguchi, 1999] or in situ production from the oxidation of BVOCs emitted from the ocean surface [Claeys et al., 2004b; Miyazaki et al., 2010] . The source strength over the coast is characterized by higher contribution of pollutants by continental outflow compared to that of pelagic ocean.
Based on previous observations from the island stations and oceanic cruises [Fu et al., 2013a Figure S1 • Figure S2 • Figure S3 • Figure S4 Correspondence to: Here we conducted analyses of DCA and related compounds in remote marine aerosols collected from the western North Pacific (NP) during summer when ocean biological productivity is high and the impact of continental outflow is low. We compare the concentrations of diacids and related compounds between high and low biological productivity regions and discuss possible formation processes of DCA from isoprene and phytoplankton-derived unsaturated fatty acids.
Methods
In this study, bulk aerosols were collected over the open ocean waters of the western subarctic and subtropical NP along the latitudinal transection of 10-45°N (see Figure 1 ) using a high-volume air sampler with a wind speed/sector control [Kawamura and Sakaguchi, 1999] . The sampler was set up on the upper deck of a research vessel, R/V Hakuho-maru (cruise: KH08-2). All the samples were collected on precombusted (450°C for 3 h) quartz filters (Pallflex, 2500 QAT-UP) during 24 August to 13 September 2008. The sample air volume in general varied from 500 m 3 to 800 m 3 .
Samples were analyzed for dicarboxylic acids, oxoacids, and α-dicarbonyls using the protocols described in our earlier publications [Kawamura, 1993; Kawamura and Ikushima, 1993] . Briefly, an aliquot of filter is extracted with ultrapure deionized water, followed by derivatization with 14% BF 3 in n-Butanol to convert diacids to butyl esters. The aldehyde groups of ω-oxoacids and α-dicarbonyls, and keto group of pyruvic acid are derivatized to dibutoxy acetals. After the derivatization, esters and acetals are back extracted in n-Hexane and determined using gas chromatography-flame ionization detector. Peak identification is performed using authentic standards and examining the mass spectra with gas chromatography-mass spectrometry. The recoveries of spiked standards on quartz filters are better than 80% for oxalic acid (C 2 ) and 85% for other diacids (C 3 , C 4 , C 5, and C 6 ). The overall analytical uncertainties in the diacid measurement are within 5% based on replicate analyses of authentic standards and real samples. Aerosol samples were also analyzed for isoprene-SOA tracers (methylglyceric acid and 2-methyltetrols) using the protocol described elsewhere [Fu et al., 2013b] . The results of water-soluble inorganic ions and methanesulfonic acid (MSA), organic carbon (OC) and water-soluble organic carbon (WSOC) are previously described and presented here as a supporting information. 
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biologically influenced aerosols (LBA: 10-30°N) . In addition, higher MSA concentrations were observed in MBA than in LBA ( Figure S1 ). Due to the formation of MSA by the oxidation of dimethyl sulphide (DMS, a biogenic gas) and subsequent gas-to-particle conversion, it was used as a potential proxy for assessing the contribution of BVOCs from the ocean surface to SOA .
The molecular distribution of diacids was characterized by the predominance of oxalic acid (C 2 ) followed by malonic (C 3 ) and succinic (C 4 ) acids, whose atmospheric abundances were 3 to 12 times higher in MBA than in LBA (see Table 1 ). Glyoxylic acid (ωC 2 ) was found as a dominant oxoacid, whose concentrations are 8 times higher in MBA than in LBA. Likewise, concentrations of glyoxal (Gly) and methylglyoxal (MeGly) are 3 to 5 times higher in MBA than in LBA. These compounds are produced by the photochemical oxidation of isoprene and other VOCs in the atmosphere [Carlton et al., 2006 [Carlton et al., , 2009 . Laboratory oxidation of isoprene with ozone reported the production of malonic, succinic, and malic acids [Nguyen et al., 2010] . These diacids may be further oxidized to result in oxalic acid [Kawamura and Sakaguchi, 1999] . Azelaic acid (C 9 ), a specific photochemical oxidation product of biogenic unsaturated fatty acids emitted from the ocean surface [Kawamura and Sakaguchi, 1999] , also exhibited a fourfold increase in MBA. Figure 2 shows increased concentrations of selected diacids (C 2 and C 9 ), oxoacids (ωC 2 and pyruvic acid), and α-dicarbonyl (MeGly) in MBA compared to LBA along the latitudinal transact of the cruise, together with isoprene-SOA tracers (methylglyceric acid and 2-methyltetrols). It is noteworthy that temporal variability of C 2 and C 9 diacids shows a phase match that suggests the production of C 2 via oxidation of higher homologues of diacids in the marine atmospheric boundary layer (MABL). Likewise, covariance of isoprene-SOA, MeGly, and pyruvic acid (Pyr), suggests the formation of these species via the oxidation of isoprene [Carlton et al., 2006] . In addition, significant correlations (P < 0.05; see Figure S2 ) among these species (isoprene-SOA tracers, Pyr, and MeGly) in the MABL, further attests their common origin (i.e., isoprene oxidation products). We found that the abundances of all measured diacids, oxoacids, α-dicarbonyls, and isoprene-SOA tracers increased during phytoplankton bloom, suggesting a coupling between the ocean biological activity and atmospheric concentrations of water-soluble organics.
Earlier study by Kieber and Mopper [1987] showed that photochemical and biological formation processes are responsible for the observed high concentrations of glyoxylate and pyruvate in the surface ocean, respectively. Zhou and Mopper [1997] reported that photochemical reactions in the surface ocean and sea 9.9 ± 12.6 (0.9-41.2) 0.9 ± 0.3 (0.4-1.4) 11.6 ± 0.1 2.6, 26, < 0. 
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surface microlayer lead to the formation of α-dicarbonyls. Another study by Steinberg and Bada [1984] also observed the significantly high concentrations of pyruvic and glyoxylic acids in the surface waters of the eastern North Pacific. Therefore, the sea-to-air emission of these species in the MABL could also contribute to their atmospheric abundances by bubble bursting process. However, Tedetti et al. [2006] reported the predominance of glyoxylic acid over oxalic acid in the Mediterranean Sea surface water, being in contrast to the predominance of oxalic acid in marine aerosols [Fu et al., 2013a; Kawamura and Sakaguchi, 1999; Sempéré and Kawamura, 2003 ].
Interestingly, no significant differences were observed between MBA and LBA for the atmospheric abundances of sea salts and water-insoluble organic carbon (WIOC). Based on the laboratory studies, the primary organic aerosols emitted with the sea spray in a more biologically active ocean are suggested to be primarily comprised of water-insoluble organic matter (up to 77 ± 5%) that contain phytoplankton-derived detritus such as lipopolysaccharides [Facchini et al., 2008b] . In this study, the concentration of WIOC, on average, account for 71 ± 20% and 91 ± 7% of OC in MBA and LBA, respectively, being consistent with the high WIOC fraction in OC during high biological activity in the surface ocean [Facchini et al., 2008b; O'Dowd et al., 2004; O'Dowd and de Leeuw, 2007] . Therefore, it can be argued that the primary contribution of WSOC might have been invariant for both types of aerosols (MBA and LBA) owing to the similar production pathway, i.e., bubble bursting process that injects sea salt, water-soluble, and insoluble organics into the MABL [O'Dowd and de Leeuw, 2007, and references therein].
It is noteworthy that WSOC concentrations are 4 times higher in the MBA than in LBA. Moreover, the higher WSOC/OC ratios in MBA (28.9 ± 19.7%) than in LBA (9.5 ± 6.9%) cannot solely be explained by the contribution of primary oceanic emissions. In this study, the concentrations of diacids and other related water-soluble organic compounds account for~6 to 35% of the WSOC mass (see Table 1 ). Based on these observations, we suggest that sea-to-air emission of diacids and related compounds is not the main source of these organics in marine aerosols. We emphasize the enhanced atmospheric abundances of isoprene-SOA tracers (sixtyfold), diacids (fourfold), oxoacids (eightfold), and α-dicarbonyls (fourfold) in MBA than in LBA, suggesting a significant secondary formation of these compounds via the photochemical oxidation in the MABL (Table 1 , Figure 2 , and Figure S3 ). Another evidence for the secondary formation processes was also inferred based on the prevalent strong positive correlations (R 2 = 0.46-0.81) between MSA and other water-soluble organic species (i.e., C 2 , C 3, and C 4 diacids, ωC 2 , Pyr, and MeGly; Figure S4 ).
In our cruise, we found that relative humidity is slightly higher in the region of 30-45°N (MBA: 75-95%; ave. 82 ± 6%) than 10-30°N (LBA: 68-82%; ave. 75 ± 4%). Higher relative humidity can enhance the aqueous phase oxidation of isoprene and its intermediate products, which leads to the formation of diacids and related compounds in the MABL [Carlton et al., 2009] . Therefore, the high atmospheric abundances of isoprene-SOA tracers, diacids, oxoacids, and α-dicarbonyls in MBA together with high relative humidity suggest that aqueous phase reactions may play an important role in the increased production of these species. Youn et al.
[2013] documented a significant formation of SOAs via the aqueous phase oxidation of BVOCs under enhanced moisture conditions, in which WSOC/OC ratio increased by twofold during monsoon season compared to the rest of the year. Based on the above discussions, we infer that isoprene and unsaturated fatty acids emitted from the ocean surface can serve as pivotal source of atmospheric DCAs and related compounds in the pristine remote atmosphere over high-productivity ocean. Miyazaki et al. [2011] suggested the predominant oceanic source for marine organic aerosols rather than the continental sources based on the air mass back trajectories and chemical constituents of marine aerosols. This idea is further corroborated by very low concentrations of anthropogenic terephthalic (ave. 0.6 ± 0.4 ng m
Source Apportionment: Biogenic Versus Anthropogenic Origin
À3
) and phthalic acids (0.5 ± 0.3 ng m
) in the MABL, which are 30-40 times lower than those reported for continental aerosols in Japan [Agarwal et al., 2010] . In addition, nondetectable levels of elemental carbon were found in most of the samples, suggesting a minor contribution from continental sources over the open ocean waters in the western NP during the study period.
Although measured concentrations of water-soluble organic species (e.g., MSA, DCA, oxoacids, and α-dicarbonyls) are higher in MBA than in LBA (Figure 3a) , no significant difference (P > 0.05; Table 1 ) was observed in their contributions to WSOC between MBA and LBA (Figure 3b ). This observation emphasizes that there is a similar formation pathway of diacids and related water-soluble organic compounds in the MABL (via photochemical transformation/in-cloud processing). Interestingly, contributions of DCA, oxoacids, and α-dicarbonyls to OC showed higher values in MBA than in LBA (Figure 3c ). These results demonstrate that water-soluble organic acids and related compounds are more enriched in organic aerosols as a result of photochemical transformations of organic precursors emitted from the ocean.
Contribution of Oceanic Isoprene to SOA
As mentioned earlier, isoprene and monoterpenes can be emitted from the ocean during biologically active period. Based on the laboratory study, their contributions to SOA mass were estimated to be~2% for isoprene and~32% for monoterpenes [Lee et al., 2006] . Using these values and measured concentrations of isoprene-SOA tracers, Hu et al. [2013] estimated the sea-to-air fluxes of isoprene to be 13 to 38 μg m À2 d
À1
during nonbloom (background) conditions and suggested a possible increase in the isoprene emissions As a pseudo first-order approximation, we used this maximum concentration to estimate the sea-to-air fluxes of isoprene during bloom conditions over the western NP. The concentration of isoprene-SOA in the MABL of the western NP during the high productivity period is~98 ng m À3 , which is estimated based on Hu et al. [2013] ; isoprene-SOA = [ΣIsoprene-SOA tracer conc.]/f tracer/SOA , where f tracer/SOA (0.063) is the conversion factor for aerosol tracer concentration to SOA mass. Interestingly, this value is close to the higher end of oxalic acid concentrations (~60 ng m
À3
; Figure 2 ), indicating that isoprene-SOA can explain the observed levels of oxalic acid. This value also corresponds to isoprene sea-to-air flux of 422-1230 μg m À2 d À1 (see supporting information), which is 2 orders of magnitude higher than those estimated for the background isoprene SOA tracer concentrations by Hu et al. [2013] . Our isoprene-SOA concentration and corresponding sea-to-air flux of isoprene are similar to those reported in the coastal regions of Antarctica (Prydz Bay) during high biological activity period characterized by high concentrations ) and high-isoprene sea-to-air efflux (~18-1200 μg m À2 d
À1
), which were estimated by isoprene-SOA tracers [Hu et al., 2013] .
3.4. Conceptual Model: Productivity-Driven Distribution of DCA in the MABL Some dialkenes such as isoprene and monoterpenes [Bonsang et al., 1992; Gantt et al., 2010; McKay et al., 1996; Meskhidze and Nenes, 2006; Shaw et al., 2003 Shaw et al., , 2010 Yassaa et al., 2008] and carbonyl compounds such as glyoxal [Sinreich et al., 2010; Zhou and Mopper, 1997] are produced in the surface ocean by biological activity combined with many complex processes (i.e., bacterial degradation of organic matter, photochemical processes, redox reactions, etc.). During Subarctic Ecosystem Response to Iron Enrichment Study, sea-to-air emission of isoprene has been documented to increase by Moore and Wang [2006] . Likewise, during Southern Ocean iron Fertilization Experiment, a factor of 4 increase was reported for the concentrations of isoprene in the fertilized patch [Wingenter et al., 2004] . The intrusion of isoprene into the MABL through air-sea interface and subsequent oxidation in the atmosphere can result in the formation of diacids and related compounds that are more water soluble than the precursor. Owing to their hygroscopic nature, the particles containing these SOA components can act as cloud condensation nuclei (CCN) in the MABL. . Conceptual model for productivity-driven SOA formation in the marine atmospheric boundary layer (MABL) via oxidation of isoprene emitted from the ocean surface and its control on atmospheric abundances of water-soluble dicarboxylic acids in the marine aerosols. Here GPC, WIOC, and CCN refer to gas-to-particle conversion, water-insoluble organic carbon, and cloud condensation nuclei, respectively.
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Figure 4 depicts the conceptual model, which deals with productivity-driven atmospheric distribution of water-soluble organic species, in particular, dicarboxylic acids over the open oceans. Contribution of WSOC to OC drastically increases from low to high biological activity regions, showing its control on the abundances of water-soluble diacids and related compounds in the MABL. However, as mentioned above, WIOC did not show any significant difference between MBA and LBA, being consistent with the results of sea salt (see Table S1 ). This result indicates that WIOC is a primary emission product that contributes as high as~70% and 90% of OC over the high-and low-productivity oceans, respectively (Table S1 ).
During the same cruise, high CCN activity has been documented by Mochida et al. [2011] . Earlier studies also documented an enhanced CCN activity over the open ocean waters during high biological activity [Korhonen et al., 2008; Nenes, 2006, 2010; Sorooshian et al., 2009; Sorooshian and Duong, 2010; Vallina et al., 2006] . Although we do not have the size distribution data of diacids in the present cruise, previous study has shown that the size-segregated molecular distribution of oxalic acid and other low molecular weight diacids are enriched in the fine mode particles [Miyazaki et al., 2010] . Based on the higher abundances of MSA and diacids in MBA together with nss-SO 4 2À (0.3 to 10.4 μg m
À3
), we suggest that these water-soluble organics as well as nss-SO 4 2À might enhance the hygroscopic growth of the ambient aerosols over the open ocean waters characterized by high biological activity, acting as CCN. However, the role of atmospheric water-soluble organics in CCN activity remains largely uncertain and is still a major source of uncertainty in estimating their indirect radiative forcing.
Overall, we infer that marine biogenic emissions of isoprene followed by photochemical oxidation significantly control the abundances of water-soluble diacids, oxoacids, and α-dicarbonyls in the MABL, although the formation mechanism of oxalic and other small diacids is still not well known. These observations highlight an important role of oceanic isoprene as a source of SOA in the open ocean, suggesting a need to incorporate these outcomes into the coupled ocean-atmosphere feedback models.
